The riboswitch is a class of RNA-based gene regulatory machinery that is dependent on recognition of its target ligand by RNA tertiary structures. Ligand recognition is achieved by the aptamer domain, and ligand-dependent structural changes of the expression platform then usually mediate termination of transcription or translational initiation. Ligand-dependent structural changes of the aptamer domain and expression platform have been reported for several riboswitches with short (<40 nucleotides) expression platforms. In this study, we characterized structural changes of the including two adenine riboswitches (ydhL and add, Serganov et al., 2004), xpt guanine riboswitch (Serganov et al., 2004) , thiM TPP riboswitch (Winkler, Nahvi, & Breaker, 2002) , yitJ SAM-I riboswitch (Shahbabian, Jamalli, Zig, & Putzer, 2009) , Enterococcus faecalis SAM-III riboswitch (Price, Grigg, & Ke, 2014) and lysC lysine riboswitch (Sudarsan, F I G U R E 1 Two possible secondary structures of the full-length Vc2 c-di-GMP riboswitch. (a) A possible secondary structure of the ligand-bound state of the full-length Vc2 riboswitch, which mediates repression of translational initiation. Nucleotide numbering is according to the previous report (Inuzuka et al., 2016) . The P1 duplex element and its neighboring region are shown in red. The 3′ region involved in structural changes induced by c-di-GMP recognition is shown in green. The region indicated by the broken-line square with rounded corners indicates the region mutated to generate P1-OFF mutant. In the aptamer domain, the GAAA tetraloop and its receptor motif (R(Vc2) motif) are indicated by boxes. The thick broken line in the aptamer domain indicates the tetraloop-receptor tertiary interaction between P2 and P3 elements. Nucleotide numbering in this study followed that of the isolated aptamer domain used for its biochemical structural analyses (Smith et al., 2009 (Smith et al., , 2010 
| INTRODUCTION
RNA molecules can sense particular target molecules through the formation of ligand-binding pockets, which can capture their target ligands in a highly selective manner. Such structured RNAs, which are called aptamers, are used as modular parts in the RNA-based riboswitch gene regulation mechanism (Breaker, 2011 (Breaker, , 2012 Serganov & Patel, 2012; Tucker & Breaker, 2005) . The riboswitch constitutes an important class of molecular mechanisms in bacterial gene expression to control their metabolite biosynthetic pathways and second messenger signaling pathways (Breaker, 2011; Serganov & Patel, 2012) . Riboswitches are usually identified as 5′ UTR elements of bacterial mRNAs. Ligand recognition through their aptamer function results in up-or down-regulation of protein production of their downstream open reading frame (ORF).
A riboswitch typically consists of two functional domains, that is, the aptamer domain and expression platform (Serganov & Patel, 2012) . The aptamer domain binds the target ligand to induce ligand-dependent structural changes, which then trigger structural changes in the expression platform that directly modulate translational initiation, termination of transcription or RNA stability. Structural changes of the aptamer domain and expression platform have been analyzed in several riboswitches that have short (<40 nucleotides [nt] ) expression platforms. In their typical mechanism, structural changes of the aptamer domain directly modulate the secondary structure of the neighboring expression platform, structural changes of which then result in either translational control to mask or unmask the ribosome-binding sequence (RBS) or transcriptional control to close or open the terminator (or antiterminator) stem-loop. Such structural changes have been characterized or proposed for several riboswitches,
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Wickiser, Nakamura, Ebert, & Breaker, 2003) , the expression platforms of which are all <40 nt in length. Putative riboswitches can also be identified through functional outcomes in expression of downstream ORFs or the confirmation of their aptamer domain structures. In these riboswitches, however, neither an RBS or terminator stem could be identified in the neighboring (<40 nt) downstream regions of their aptamer domains. Elucidation of the regulatory mechanisms for these riboswitches is more difficult than that in riboswitches with short expression platforms.
A c-di-GMP-responsive riboswitch in Vibrio cholerae (Vc2 c-di-GMP riboswitch) is an example of a riboswitch with a long expression platform (Sudarsan et al., 2008) . Biochemical analyses strongly suggest that the binding of cdi-GMP to the aptamer domain of the Vc2 riboswitch causes down-regulation of the expression of its ORF at the translational level (Inuzuka et al., 2016; Pursley et al., 2018) . Its RBS element is, however, located 97-nt downstream of the aptamer domain, and no analyses have been reported regarding the putative expression platform (97 nt, positions 101-197) located between the aptamer domain and RBS (Inuzuka et al., 2016) . Extensive functional and structural analyses of the aptamer domain in the Vc2 riboswitch have been carried out ( Figure 1a , Kulshina, Baird, & Ferré-D'Amaré, 2009; Smith, Lipchock, Livingston, Shanahan, & Strobel, 2010; Smith et al., 2009; Sudarsan et al., 2008) . These analyses suggested that the ligand-dependent formation (or stabilization) of a P1 duplex in the aptamer domain induces the repression of translation (Smith et al., 2010; Sudarsan et al., 2008) .
In this study, we carried out biochemical analyses of its long (97 nt) expression platform to elucidate the molecular mechanism with which P1 duplex formation results in translational repression of its ORF. We identified two distinct secondary structures of the expression platform (Figure 1a,b) . In two structures corresponding to the ligand-bound and ligandfree state, RBS is masked in the base-paired state ( Figure 1a ) and unmasked in the single-stranded state (Figure 1b) , respectively. These two secondary structures provide a structural basis for the translational OFF-switch model of the Vc2 c-di-GMP riboswitch.
| RESULTS

| Possible RNA structures of the Vc2 riboswitch for the ligand-bound and ligandfree states
To analyze the secondary structural changes mediated through recognition of c-di-GMP by the aptamer domain, we first proposed possible secondary structures of ligand-bound and ligand-free states of the full-length riboswitch covering the whole 5′ UTR (274 nt) between the transcriptional start site and the initiation codon of the ORF (Figure 1) . As a defined structural element included in the ligand-bound state, the secondary structure of the aptamer domain was drawn based on the crystal structures of the domain (Kulshina et al., 2009; Smith et al., 2009) . The secondary structure of the other regions was then predicted using a modified sequence, in which the aptamer domain involving the P1 duplex (positions 8-100) was replaced with a highly stable stem-loop structure (5′-UGUCACUUCGGUGGCA-3′). The resulting variant sequence would functionally mimic the ligand-bound state, which represses (switches off) translation. Structural prediction of the variant sequence with mfold gave the possible structures of the upstream (positions -65 to -1, designated as the 5′ region) and downstream (positions 103-209, designated as the 3′ region) regions of the aptamer domain ( Figure 1a ). In this predicted structure, RBS forms base pairs with other regions within the 3′ region. This structure is consistent with the experimental results indicating that ligandbinding in this c-di-GMP riboswitch turns translation off. Another structure, which may correspond to the ligand-free structure, was proposed based on mfold prediction of the fulllength sequence of the unmodified Vc2 c-di-GMP riboswitch. Most predicted structures of the full-length riboswitch lacked the P1 duplex element ( Figure S1 ). Both 5′-and 3′-strands of the P1 duplex (positions 8-14 and positions 94-100) form alternative base pairs with the 3′ region ( Figure 1b ). In this alternative structure, the RBS element is present in a singlestranded form (Figure 1b) , which is consistent with the experimental results showing that translation is active in the absence of the c-di-GMP ligand.
| Chemical probing of two mutant riboswitches
The main objective of this study was to experimentally elucidate the ligand-bound and ligand-free structures of the riboswitch. However, a previous study involving chemical probing of the full-length riboswitch RNA with dimethyl sulfate (DMS) showed no significant changes in modification pattern with/without c-di-GMP (Inuzuka et al., 2016) . These results were due to the intrinsic flexibility of the riboswitch structures and also to the experimental conditions that may not have been optimized for DMS modifications.
We first attempted to overcome the former issue (possible structural flexibility) of the riboswitch by stably fixing the possible ligand-bound and ligand-free states. To mimic the ligand-bound state (Figure 1a) , we used the variant sequence used for mfold prediction of the ligand-bound state. As this structure should correspond to the switch-OFF state, this variant was designated as P1-OFF mutant (Figure 1c resembles that of the ligand-free state allowing translation to be turned on. The variant was therefore designated as P1-ON mutant ( Figure 1d ). Before analyzing their secondary structures, we examined their functions because P1-OFF and P1-ON mutants were predicted to act as constitutively OFF and ON switches, respectively. We prepared plasmids encoding the two mutants as the 5′ UTR of the reporter gene and analyzed the production of mRNA and protein from the reporter lacZ gene (Fujita, Tanaka, Furuta, & Ikawa, 2012; Sudarsan et al., 2008) . In reporter assay in Escherichia coli, the levels of mRNA production of the wild-type and two mutants showed modest changes. Modest reduction in mRNA level in the P1-OFF mutant may not be surprising (Figure 2a ) because repression of translation usually causes negative effects on the half-life of mRNAs to be translated (Deana & Belasco, 2005) . However, production of the β-galactosidase reporter was reduced significantly in P1-OFF mutant but enhanced significantly in the P1-ON mutant (Figure 2a) . Similar results were also obtained by in vitro coupled transcription/translation using E. coli S30 extracts (Figures 2b and S2 ). These results suggested that the two mutants are suitable as functional and structural models for ligand-bound and ligand-free states of the parent c-di-GMP riboswitch, respectively.
We next examined DMS modification of 5′ UTR elements of the two mutant riboswitch under conditions of cotranscription with phage T7 RNA polymerase. Previous DMS modification successfully demonstrated the ligand-bound form of the aptamer domain in the ΔA95 mutant riboswitch, whose P1 stem is stabilized by the deletion of A95 and preorganized in the absence of c-di-GMP (Inuzuka et al., 2016) . The in vivo reporter assay and S30 assay showed that ΔA95 mutant has translation property similar to that of the P1-ON mutant (Inuzuka et al., 2016) . P1-ON and P1-OFF mutants were expected to have more rigid secondary structures than the ΔA95 mutant. P1-OFF and P1-ON mutants were independently transcribed with T7 RNA polymerase at 37°C in the presence of 4 mM nucleotide triphosphate (rNTP) and 3 mM Mg ions. RNA molecules in the reaction mixture were directly treated with DMS to probe the secondary structures that were formed in a cotranscriptional manner. Modified adenines and cytosines were determined by primer extension (Figure 3a , see also Figure S3 ).
In the downstream element of the aptamer domain (3′ region of the 5′ UTR), several regions showed marked differences in DMS modification patterns. The most significant difference was observed in the RBS element, in which two adenines showed distinctly stronger modification in the P1-ON mutant than in the P1-OFF mutant ( Figure 3a) . A similar difference was also observed in the anti-RBS element ( Figure 3a ) that forms base pairs with RBS in the possible ligand-bound form of the wild type and also that of the P1-OFF mutant ( Figure 1a ).
Dimethyl sulfate modification showed the differences in RBS and anti-RBS elements between P1-OFF and P1-ON mutants. However, DMS modification provides limited structural information because adenines and cytosines downstream of the aptamer domain frequently form base pairs in both the switch-OFF (ligand-bound) and switch-ON (ligandfree) structures (Figure 1a, b) . Therefore, we applied another type of RNA chemical probing reagent, with which the flexibility of RNA strands can be probed through modification of ribose 2′-OH groups, to the two mutants. This technique, called SHAPE (selective 2′-hydroxyl acylation analyzed by primer extension), showed no nucleobase preference (Merino, Wilkinson, Coughlan, & Weeks, 2005; Wilkinson, Merino, & Weeks, 2006) . Under cotranscriptional conditions, RNAs in the transcription mixture were treated with N-methylisatoic anhydride (NMIA) to acylate 2′-OH groups. The positions of preferentially acylated nucleotides were determined by primer extension (Figure 3b ). Comparison of modification patterns between P1-OFF and P1-ON mutants showed several regions that showed distinctly different accessibility of NMIA to ribose 2′-OH groups. RBS and anti-RBS elements were modified more strongly in the P1-ON mutant than in the P1-OFF mutant ( Figure 3b ). These observations indicated that these regions are likely to exist in the singlestranded state in the P1-ON mutant. In each mutant, predicted single-stranded regions were modified more strongly than predicted base-paired regions, suggesting that the results of SHAPE analysis were consistent with the predicted secondary structures of both P1-OFF and P1-ON mutants.
Dimethyl sulfate modification patterns of the positions 103-145 were similar between P1-OFF and P1-ON mutants, suggesting that no drastic structural change occurs in this region. However, the P1-ON mutant showed slightly stronger DMS modification at this region than the P1-OFF mutant ( Figure 3a and P1-OFF but the P1-ON mutant was modified more strongly than the P1-OFF mutant (Figure 3b,c,d ). This observation suggests that positions 110-145 are more flexible in P1-ON mutant than P1-OFF mutant. Between positions 103-110, SHAPE modification patterns were different between P1-ON and P1-OFF, suggesting that structural rigidity and/or conformation of ribose are different between P1-ON and P1-OFF. This difference may be due to distinct structures in the neighboring region (positions 96-110). In summary, chemical probing experiments suggest that the secondary structure of positions 103-145 is similar between P1-ON mutant and P1-OFF mutant and this region can be regarded as a constant domain.
| Chemical probing of the full-length
Vc2 riboswitch with/without c-di-GMP
Based on the structural probing of two mutants, we next analyzed the structures of the full-length riboswitch in ligandbound and ligand-free states. Cotranscription with phage T7 RNA polymerase, however, may not be suitable for examining folding of the wild-type riboswitch (Inuzuka et al., 2016) .
Therefore, we examined synthesis of the wild-type riboswitch RNA with E. coli RNA polymerase because this riboswitch has been shown to function under cell-free transcription/ translation conditions using E. coli S30 extract (Inuzuka et al., 2016; Watters, Strobel, Yu, Lis, & Lucks, 2016) .
With transcription reaction containing E. coli RNA polymerase, we first examined DMS modification to analyze the secondary structure of the full-length riboswitch.
Comparison of the modification patterns of the aptamer domain with/without c-di-GMP showed two important changes (Figure 4a , see also Figure S4 ). The most significant changes were observed at positions A91 and C92, both of which were strongly modified in the absence of c-di-GMP but strongly protected in its presence. C92 has been shown to participate directly to the recognition of c-di-GMP ligand through Watson-Crick-type base pairing with G β in c-di-GMP (Kulshina et al., 2009; Smith et al., 2009 ). The neighboring A91 was also fixed inside the riboswitch core upon c-di-GMP recognition (Kulshina et al., 2009; Smith et al., 2009 ). Ligand-dependent enhancement of the protection was also observed at the P2-GAAA loop and P3-R(Vc2) motif, which also suggested that binding of c-di-GMP stabilizes the folded structure of the riboswitch, in which the P2-GAAA loop is docked stably to the P3-R(vc2) motif through tetraloop-receptor interaction (Inuzuka et al., 2016) . Changes in the protection patterns at the aptamer domain strongly suggest that the recognition of c-di-GMP induces the ligand-bound structure showed by X-ray crystallographic studies. Encouraged by the experimental data regarding the aptamer domain, we then analyzed the modification patterns of the 3′ region, which can be compared directly with those of P1-OFF and P1-ON mutants (Figure 4b) . In contrast to the aptamer domain that showed evidence to capture c-di-GMP (Figure 4b ), RBS and anti-RBS elements of the wild-type riboswitch showed no remarkable changes of DMS modification patterns upon addition of c-di-GMP (Figure 4b,c) .
Structural changes in the 3′ region in the wild-type riboswitch, which was folded cotranscriptionally with RNA synthesis by E. coli RNA polymerase, were also analyzed by SHAPE (Figure 4c , see also Figure S4 ). No drastic liganddependent changes in modification patterns were observed although modification around anti-RBS element seemed more efficient in the absence of c-di-GMP than its presence (Figure 4c) .
The results of cotranscriptional chemical modification experiments of the wild-type riboswitch RNA transcribed with E. coli RNA polymerase with and without c-di-GMP suggest that regardless of the presence or absence of c-di-GMP, the expression platform of the wild-type riboswitch showed DMS and SHAPE modification patterns that are similar to those of the P1-OFF mutant (Figure 4c ). These results suggest that in the wild-type riboswitch, c-di-GMP recognition by the aptamer domain strongly induces the secondary structure of the expression platform to use that of the P1-OFF mutant stably. In the absence of c-di-GMP, the expression platform forms a secondary structure that is similar to but may be more flexible than the ligand-bound structure ( Figure 5) .
We also substituted the parent RBS element (GAGA) to AGGA, which would retain ribosome-binding ability but disrupt base pairs in the ligand-bound structure. This mutant was expected to be constitutively active. In the absence of c-di-GMP, however, the AGGA variant showed lower protein production than the wild type possibly because of global structural changes in the expression platform induced by GA to AG substitution ( Figure S5 ).
| Reconsideration of variant riboswitch sequences that conduct active translation
To obtain further evidence regarding the possible secondary structure of the ligand-OFF state, we reconsidered previous experimental data obtained for analysis of structural requirements for the P1 region to conduct active translation of the reporter ORF. In the previous study, we selected plasmids for reporter gene expression comparable to or even more strongly than the wild type (Inuzuka et al., 2016) . These clones were selected from the library of reporter plasmids encoding variants of fulllength riboswitches as the 5′ UTR of the reporter gene. The P1 elements in the library of variant riboswitches had six randomized nucleotides (positions 10-12 and 96-98, Figure 6a ,b). The majority of clones isolated from blue colonies on X-gal agar plates had no stable P1 duplex, suggesting that the formation of a stable P1 duplex was not necessary for production of the reporter product. In the previous study, nucleotide sequences of the isolated clones were compared based on the ligand-bound structure (Inuzuka et al., 2016) . In this study, we again compared the selected sequences based on the putative ligand-free state that should be formed in the P1-ON mutant to conduct active translation. For positions 10-12 to conduct the P1-ON mutant type structure as a stable state, positions 10-11 need to be CC/UC/CU or CG to form six base pairs between positions 10-16 and positions 174-179 (Figure 6b sequences, probability of which (87%) is more frequent than theoretical one (33%). Clones having these sequences could be adapted to the secondary structure of the putative ligand-free state (Figure 6c , see also Figure S6 ). This observation further supported the validity of the proposed the P1-ON mutant type structure that is responsible for active translation.
| Modular deletion analysis of the
Vc2 riboswitch
A series of biochemical experiments strongly supported the proposed secondary structures of ligand-ON and ligand-OFF states. Based on these two structures, we dissected the full-length riboswitch into four modular regions (5′ region, aptamer domain, 3′a region and 3′b region, Figure 7a ) and investigated their functional roles. Deletion of the whole aptamer domain involving its P1 element (ΔApt) strongly inhibited the protein production, presumably due to alteration of its secondary structure(s). In mfold prediction of the ΔApt mutant, the SD sequence was masked as a duplex form in all predicted structures. We then investigated the 3′b region because it contains anti-RBS (Figure 7a) . Regardless of deletion of the other two elements (aptamer domain and 3′a domain) and other mutations (P1-ON and ΔA95), removal of the 3′b region increased translation of the reporter protein in E. coli cells (Figure 7b ). This result supported the structural model in which anti-RBS forms base pairs with RBS to repress translation.
Comparison of the secondary structure of the ligand-ON and ligand-OFF states identified two regions (5′ region and 3′a region in Figure 7a ) as constant regions in the ligand-dependent structural changes. Deletion of the 5′ region had no negative effects on mRNA production but significantly reduced protein production in E. coli cells (Figure 7c ). The 5′ region, however, has a negative effect on transcription of the riboswitch containing RNA because its deletion increased the amount of the mRNA (Figure 7c ). We propose that the 5′ region may serve as an element that can facilitate translation of the downstream ORF (or cancels the translational repression by other RNA elements in the 5′ UTR), although the mechanism is currently unknown and further analyses are needed. Removal of the 3′a region modestly reduced the levels of both mRNA and protein in E. coli cells (Figure 7b ). This effect, however, was canceled by double deletion of the 3′a and 3′b regions (Figure 7b ). The recovery of the translational activity in the Δ3′a/3′b mutant may be explained by its mfold prediction that provided several possible structures, half of which mask the SD element.
In addition to the reporter assay using E. coli, we also evaluated several deletion mutants using the cell-free transcription/translation system (Figure 7d , see also Figure S7 ) primarily to determine the effects of c-di-GMP in Δ3′a and Δ5 mutants. The two mutants possessed the aptamer domain and anti-RBS element controlling RBS and so retained the ability to respond to c-di-GMP (Figure 7d ). In the presence of c-di-GMP, both Δ3′a and Δ5 mutants showed marked reduction in reporter protein production (Figure 7d ), suggesting that c-di-GMP-dependent structural changes still occurred even in the absence of either the 5′ region or 3′a region. A considerable response to c-di-GMP (4.3-fold reduction) was observed in the Δ5 mutant (Figure 7d) . However, the response to c-di-GMP was distinctly weaker in the Δ3′a mutant (1.9-fold reduction) compared to the wild type (8.3-fold reduction) (Figure 7d) . Results of these mutants support the validity of structures of P1-ON and P1-OFF mutants that are responsible to active and inactive states in translation.
| DISCUSSION
In this study, we analyzed the structural changes in the long (97 nt) expression platform in the Vc2 c-di-GMP riboswitch to elucidate the molecular mechanism controlling translation of its downstream ORF. In the presence of c-di-GMP, the aptamer domain forms a P1 duplex, with which the expression platform establishes the switch-OFF state in which RBS is sequestered by base pairs. In the absence of c-di-GMP, the secondary structure of the expression platform may be less rigid than that of the ligand-bound state. Although the RBS element may not be fully unstructured, ribosome must access the RBS element in the ligand-free state more readily than that in the ligand-bound state. In active translation in the absence of c-di-GMP, 70S-scanning initiation mechanism (Yamamoto et al., 2016) may be involved in conversion of the secondary structure of the expression platform, in which RBS eventually need to exist as a single-stranded region to recruit ribosome. Therefore, the mechanism of cdi-GMP-dependent translation control by the Vc2 riboswitch may include three distinct states (Figure 5 ), which are more complex than conventional two-state mechanism. Such threestate mechanism has been identified in an adenine riboswitch with a short expression platform (Reining et al., 2013) but the structural changes in the Vc2 riboswitch are more global and complex.
The biological significance of the variation in length of expression platforms among riboswitches is an interesting issue that remains largely unexplored. One possible difference between riboswitches with short and long expression platforms may be their kinetic behaviors in response to their target ligands. In the prokaryotic intracellular environment, the lifetimes of mRNAs are usually very short due to high levels of RNase activity in bacterial cells (Deutscher, 2006) . Under such conditions, it is reasonable to assume that cotranscriptional folding to produce the ligand-bound states of riboswitches is governed under kinetic rather than thermodynamic control. Under conditions where recognition of the ligand molecule is controlled kinetically, formation of the ligand-bound structure would be more difficult in riboswitches with short expression platforms, because the aptamer domain sequences need to meet their ligand molecules very quickly before the initiation of cotranscriptional folding directing the ligand-free state. In riboswitches with long expression platforms, kinetic control of formation of the ligand-bound states may be less severe because synthesis of the expression platforms requires a longer time, during which aptamer domains may have more chances to come into contact with their ligands that can guide formation of the ligandbound state. Although further kinetic and thermodynamic analyses are required to obtain a precise description of the structure and folding of the Vc2 riboswitch and its mutants, the above hypothesis is consistent with the low ligand responsiveness of the Δ3′a mutant (Figure 6d) , in which the aptamer domain is located much closer to the RBS than in the wild-type riboswitch.
Riboswitches with high or low ligand sensitivity may extend or shorten their expression platforms, respectively, during evolution and diversification of riboswitch RNAs. The effects of kinetic folding of the aptamer domain on their switching function were also suggested by comparison of cotranscriptional folding of Vc2 riboswitch with E. coli RNA polymerase and phage T7 RNA polymerase. In the presence of c-di-GMP, cotranscriptional folding of the wildtype Vc2 riboswitch with E. coli RNA polymerase formed the ligand-bound structure of the aptamer domain (Figure 4) . However, under similar conditions, c-di-GMP failed to guide the ligand-bound state on cotranscriptional folding with phage T7 RNA polymerase (Inuzuka et al., 2016) . This difference may be related to rapid and robust RNA synthesis by phage T7 RNA polymerase (Pavco & Steege, 1990 , 1991 , with which the elongation rate of transcription is fivefold higher than that with E. coli RNA polymerase (Golomb & Chamberlin, 1974) .
As riboswitches are promising modular tools for RNAbased gene regulation (Wittmann & Suess, 2012) , artificial riboswitches have been developed through either rational design or library screening (Berens, Groher, & Suess, 2015; Sharma, Nomura, & Yokobayashi, 2008; Werstuck & Green, 1998) . In addition to the generation of fully artificial riboswitches, semi-artificial riboswitches constructed through redesign of naturally occurring riboswitches are also attractive, in which the repertoire of riboswitches can be expanded as artificial tools for genetic circuit design (Berens et al., 2015; Groher & Suess, 2014) . In the modular organization of the full-length Vc2 riboswitch, the P1 element plays key roles in determining the turn-ON or turn-OFF of translation. This structural organization may be used as a platform for the development of novel riboswitches by replacing the majority of the aptamer domain (J1/2-P2-P3-J3/1) with other aptamer structures. Such structural redesign seems attractive from the viewpoint of structural organization of naturally occurring riboswitches. Ligand-induced formation of P1 stems by gathering 5′ and 3′ distal regions of the aptamer domains found not only in the Vc2 c-di-GMP riboswitch but also in several different classes of aptamer domains is a common strategy in the evolution of riboswitch structures (Aboul-ela, Huang, Abd Elrahman, Boyapati, & Li, 2015; Etzel & Mörl, 2017) .
| EXPERIMENTAL PROCEDURES
| Plasmid construction
Plasmids carrying P1-OFF, P1-ON and deletion mutants of the Vc2 riboswitch were derived from the plasmid Vc2-pRS414, which was prepared by introducing the EcoRI-BamHI DNA fragment of the Vc2 riboswitch into the EcoRI-BamHI sites of the vector plasmid pRS414 (Sudarsan et al., 2008) . Mutations were introduced in the EcoRI-BamHI fragment of the wild-type riboswitch. The resulting fragments were then inserted into the EcoRI-BamHI sites of pRS414 (Fujita et al., 2012) .
| β-Galactosidase reporter gene assay
β-Galactosidase reporter gene assays were carried out according to the protocol described previously (Fujita et al., Genes to Cells
2012; Sudarsan et al., 2008) . Reporter plasmids were transformed into E. coli JM109. Individual colonies were allowed to grow at 37°C in TB medium containing ampicillin. Cultures were diluted to an OD 600 of ~0.1 and allowed to grow to an OD 600 of ~0.6. Cell cultures were mixed with permeabilization solution. The resulting mixture was kept for 30 min at 30°C; then, substrate mixture was then added to start the reaction. After 2 hr at 30°C, reactions were terminated and enzyme activities were evaluated as the rate change in A 420 per A 600 unit of the assay mixture.
| Reverse transcription-quantitative PCR
Reverse transcription-quantitative PCR (RT-qPCR) assays to quantify the amounts of the reporter lacZ mRNA were performed according to the protocol described in the previous report (Inuzuka et al., 2016) . Reporter plasmids were transformed into E. coli JM109. Individual colonies were allowed to grow overnight at 37°C with shaking in LB medium containing ampicillin. Cultures were diluted to OD 600 ~0.1 and allowed to grow to OD 600 ~0.6 before RNA extraction. Total RNA was extracted from E. coli in culture and then further purified by treatment with RNase-free DNase I. RT-qPCR was then performed. To evaluate the amount of mRNA produced from the lacZ reporter gene, we employed a set of primers (5′-AAGGATCCCGTCGTTTTACA-3′ 5′-GGCCTCTTCGCTATTACGC-3′, where underlines indicate sequences from lacZ gene and the nucleotides missing in the lacZ-ΔM15 gene are shown in italics) to amplify nucleotide positions 21-133 of the ORF of the Vc2 riboswitch-lacZ fusion gene; this region is missing in the lacZ-ΔM15 gene in E. coli JM109 host cells. As a standard to normalize lacZ mRNA level among independent cultures, we employed 16S rRNA.
| Coupled in vitro transcription/ translation reactions
Coupled in vitro transcription/translation reactions were carried out using E. coli S30 extracts (Promega) according to the protocol described previously (Inuzuka et al., 2016) . To see the effects of c-di-GMP, assays were performed with/without 10 μM c-di-GMP. Enzymatic activity of β-galactosidase was monitored fluorescently using TokyoGreen-βGal (Goryo Chemical). For the preparation of DNA fragments containing lacZ gene bearing the Vc2 riboswitch as the 5′-UTR, PCRs were performed using Vc2-pRS414 plasmid and its mutants as templates. For a pair of reactions with/without c-di-GMP, a concentrated solution of a template DNA, which was prepared by 16 × 100 μl PCRs, was divided into two exact halves and then added to 25 μl E. coli S30 extract. The concentration of the template DNA in the reaction mixture was 48 ng/μl. Reactions were carried out at 37°C.
| DMS modification of riboswitches folded cotranscriptionally with phage T7 RNA polymerase
Dimethyl sulfate modification analysis of P1-OFF and P1-ON mutant RNAs that were folded cotranscriptionally with phage T7 RNA polymerase was performed according to the protocol described previously (Inuzuka et al., 2016) . In vitro transcription (100 μl) with T7 RNA polymerase was performed at 37°C for 4.5 hr, and then, RNase-Free DNaseI was added to the mixture, which was further incubated at 37°C for 30 min. To the resulting reaction mixture (100 μl) was added 10 μl of 10% DMS in ethanol, followed by incubation for 5 min at 37°C. Reactions were stopped with 25 μl of 1 M aqueous solution of 2-mercaptoethanol and 19 μl of 8 M NH 4 OAc. After treatment with phenol and then diethylether, RNA was precipitated by adding 300 μl of EtOH. DMS-treated RNA was dissolved in 10 μl of H 2 O. Then, 1.0 μl of RNA solution was subjected to reverse transcription (RT) with ReverTra Ace with the IRD700-labeled DNA primer complementary to positions 61-86 of the ORF. The resulting cDNAs were electrophoresed and analyzed using a DNA Analyzer (Model 4300; LI-COR Biosciences).
| DMS modification of riboswitches folded cotranscriptionally with E. coli RNA polymerase holoenzyme
In vitro transcription (100 μl) with E. coli RNA polymerase holoenzyme was performed at 37°C in a reaction mixture containing 40 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 10 mM DTT, 2 mM spermidine, 0.5 mM ATP, CTP, GTP and UTP, and 0 or 10 μM c-di-GMP. After transcription for 4.5 hr, RNase-free DNase I (RQ1; Promega) was added to the mixture. The solution was further incubated at 37°C for 30 min. To the resulting reaction mixture (100 μl) was added 10 μl of 10% DMS in ethanol, followed by incubation for 5 min at 37°C. Reactions were stopped with 25 μl of 1 M aqueous solution of 2-mercaptoethanol and 19 μl of 8 M NH 4 OAc. After treatment with phenol and then diethylether, RNA was precipitated by adding 300 μl of EtOH. DMS-treated RNA was dissolved in 10 μl of H 2 O. Then, 1.0 μl of RNA solution was subjected to RT with ReverTra Ace with the IRD700-labeled DNA primer complementary to positions 61-86 of the ORF. The resulting cDNAs were electrophoresed and analyzed using a DNA Analyzer (Model 4300; LI-COR Biosciences).
| SHAPE analysis of riboswitches folded cotranscriptionally with phage T7 RNA polymerase
In vitro transcription (100 μl) with T7 RNA polymerase was performed at 37°C in a reaction mixture containing 40 mM Tris-HCl (pH 7.5), 3 mM MgCl 2 , 10 mM DTT, 2 mM spermidine, 1 mM ATP, CTP, GTP and UTP. After transcription for 4.5 hr, RNase-free DNase I (RQ1; Promega) was added to the mixture, which was further incubated at 37°C for 30 min. To the resulting reaction mixture (100 μl) was added 10 μl of 34 mM NMIA (final concentration: 3 mM) in DMSO, followed by incubation for 45 min at 37°C. Reactions were stopped with 19 μl of 8 M NH 4 OAc (final concentration: 1 M). After treatment with phenol and then diethylether, RNA was precipitated by adding 300 μl of EtOH. NMIA-treated RNA was dissolved in 10 μl of H 2 O. After RT, the resulting RT products were analyzed by denaturing PAGE according to the protocol used for DMS modification analysis.
| SHAPE analysis of riboswitches folded cotranscriptionally with E. coli RNA polymerase holoenzyme
In vitro transcription (100 μl) with E. coli RNA polymerase holoenzyme was carried out at 37°C in a reaction solution containing 40 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 10 mM DTT, 2 mM spermidine, 0.5 mM ATP, CTP, GTP and UTP, and 0 or 10 μM c-di-GMP. After transcription for 4.5 hr, RNase-free DNase I (RQ1; Promega) was added to the mixture, which was further incubated at 37°C for 30 min. To the resulting reaction mixture (100 μl) was added 10 μl of 68 mM NMIA (final concentration: 6 mM) in DMSO, followed by incubation for 45 min at 37°C. Reactions were stopped with 19 μl of 8 M NH 4 OAc (final concentration: 1 M). After treatment with phenol and then diethylether, RNA was precipitated by adding 300 μl of EtOH. NMIA-treated RNA was dissolved in 10 μl of H 2 O. After RT, the resulting RT products were analyzed by denaturing PAGE according to the protocol used for DMS modification analysis.
